Introduction {#s0005}
============

Macroscopic tumor growth is in most cases angiogenesis dependent, and several molecular pathways promoting tumor angiogenesis have been identified, including the vascular endothelial growth factor (VEGF) pathway [@bb0005]. Antiangiogenic treatment (AAT) is a promising therapeutic modality for cancer, and many antiangiogenic agents targeting the VEGF pathway have been identified, including bevacizumab and sunitinib [@bb0010]. Clinical investigations have revealed that the potential of AAT is limited when used as a single therapeutic modality, but the therapeutic benefit may be significant when AAT is used in combination with conventional chemotherapy or radiation therapy [@bb0015].

Preclinical studies have revealed that AAT may cause significant vessel pruning and increased hypoxia in some tumors and vessel normalization, increased blood flow, and reduced fraction of hypoxic tissue in others [@bb0020], [@bb0025]. Improved oxygenation may enhance the antitumor effects of radiation therapy and some chemotherapeutic agents, whereas increased hypoxia may impair the effects of most treatment modalities and promote the development of regional and distant metastases [@bb0030]. The influence of AAT on the vascular network and oxygenation of tumors may depend on the angiogenic profile and microvascular architecture of the tumor tissue as well as time after treatment and the AAT protocol, including antiangiogenic agent and drug dose [@bb0035], [@bb0040].

AAT used prior to or concurrent with chemotherapy or radiation therapy cannot be expected to be beneficial if the AAT has detrimental effects on tumor vascularization and oxygenation. A noninvasive method is therefore needed to monitor the effects of AAT on the tumor microenvironment, and it has been suggested that diffusion-weighted magnetic resonance imaging (DW-MRI) would be useful for that purpose [@bb0045], [@bb0050]. DW-MRI is a well-established and commonly used imaging modality in the diagnostics of cancer, and in most clinical studies, parametric images of the apparent diffusion coefficient (ADC) are used to visualize and quantify DW-MRI data [@bb0055]. The ADC is sensitive to the Brownian motion of water molecules, which is restricted by cell membranes, extracellular matrix, and other extracellular tissue components [@bb0060].

AAT-induced changes in the ADC of tumors have been examined in several clinical studies, and unfortunately, these studies have provided conflicting observations [@bb0055]. Some studies report increased ADC values after AAT, whereas other studies suggest that AAT may induce a decrease in ADC, and moreover, most of these studies do not provide a biological explanation of the observed change in ADC [@bb0045], [@bb0050], [@bb0055], [@bb0060]. Most likely, detailed preclinical studies are needed to reveal whether ADC is sensitive to changes in the tumor microenvironment induced by AAT.

The purpose of the study reported here was to investigate whether the ADC of tumors given AAT differs from that of untreated tumors and, hence, whether DW-MRI is a potentially useful imaging modality for monitoring AAT-induced changes in the tumor microenvironment. Tumors of two patient-derived xenograft models of squamous cell carcinoma of the uterine cervix (BK-12 and HL-16) and two cell line‐derived xenograft models of pancreatic ductal adenocarcinoma (BxPC-3 and Panc-1) were included in the study. These models were selected for the study because they were expected to differ significantly in ADC due to highly different tumor histology. AAT was given by using bevacizumab and sunitinib as antiangiogenic agents. Bevacizumab is a humanized monoclonal antibody that binds to all isoforms of VEGF-A, and this antibody is approved by the US Food and Drug Administration (FDA) for the treatment of several cancer diseases [@bb0065]. Sunitinib is an FDA-approved tyrosine kinase inhibitor that targets VEGF receptors 1-3, platelet-derived growth factor receptors α and β, fms-like tyrosine kinase receptor-3, and stem cell growth factor receptor [@bb0070].

Materials and Methods {#s0010}
=====================

Tumor Models {#s0015}
------------

BK-12 and HL-16 cervical carcinomas and BxPC-3 and Panc-1 pancreatic carcinomas grown in adult (8-12 weeks of age) female BALB/c *nu*/*nu* mice were used as preclinical tumor models. The cervical carcinoma models were established in our laboratory [@bb0075], whereas the pancreatic carcinoma models were purchased from the American Type Culture Collection, VA, USA. BK-12 and HL-16 tumors in passage 4 or 5 were used in this study, and the tumors were initiated from our frozen stock (passage 2) as described earlier [@bb0075]. BxPC-3 and Panc-1 tumors were initiated from cells cultured in RPMI-1640 (25 mmol/l HEPES and [l]{.smallcaps}-glutamine) medium supplemented with 13% bovine calf serum, 250 mg/l penicillin, and 50 mg/l streptomycin [@bb0080]. Approximately 5.0 × 10^5^ BK-12 or HL-16 cells or \~2.5 × 10^6^ BxPC-3 or Panc-1 cells suspended in 10-30 μl of Hanks' balanced salt solution were inoculated in the left *quadriceps femoris* to initiate tumor growth. The animal experiments were approved by the Norwegian National Animal Research Authority and were conducted in accordance with the Interdisciplinary Principles and Guidelines for the use of Animals in Research, Marketing, and Education (New York Academy of Sciences, New York, NY, USA).

Antiangiogenic Treatment {#s0020}
------------------------

Bevacizumab (Avastin; Hoffman-La Roche, Basel, Switzerland) was dissolved in physiological saline and administered by intraperitoneal injection. The injection volume varied with the mouse weight and was 0.25 ml for a 25-g mouse. Tumor-bearing mice were treated with 3 bevacizumab doses of 10 mg/kg or vehicle over a period of 8 days.

Sunitinib [l]{.smallcaps}-malate (LC Laboratories, Woburn, MA, USA) was dissolved in hydrochloric acid (1.0 molar ratio of sunitinib). Polysorbate 80 (0.5%; Sigma-Aldrich, Schnelldorf, Germany), polyethylene glycol 300 (10%; Sigma Aldrich), sodium hydroxide to adjust to a pH of 3.5, and sterile water were added to the solution. Tumor-bearing mice were treated with 4 sunitinib doses of 40 mg/kg or vehicle over a period 4 days. Sunitinib and vehicle were administered orally in volumes of \~0.2 ml by using a gavage.

Treatment effects were evaluated by DW-MRI and/or immunohistochemistry. The DW-MRI was conducted 3 days after the last bevacizumab dose or 1 day after the last sunitinib dose, and the tumors were resected for immunohistochemical examinations shortly after the DW-MRI.

Magnetic Resonance Imaging {#s0025}
--------------------------

MRI was carried out using a Bruker Biospec 7.05-T bore magnet and a mouse quadrature volume coil (Bruker Biospin, Ettlingen, Germany). The tumors were positioned in the isocenter of the magnet and imaged with axial slices covering the entire volume. The mice were given gas anesthesia (\~4.0% Sevofluran in O~2~; Baxter, IL, USA) at a flow rate of 0.5 l/min during imaging. Respiration rate and body core temperature were monitored continuously by using an abdominal pressure sensitive probe and a rectal temperature probe (Small Animal Instruments, New York, NY, USA). The body core temperature was kept at 37°C by automated hot air flow regulation, and the gas anesthesia was adjusted manually to maintain a stable respiration rate. Anatomical *T*~2~-weighted images were obtained prior to DW-MRI by using a fast spin echo pulse sequence (RARE) with a repetition time (TR) of 2500 milliseconds, an echo time (TE) of 35 milliseconds, an image matrix of 128 × 128, a field of view (FOV) of 3 × 3 cm^2^, a slice thickness of 0.7 mm, a slice gap of 0.3 mm, 2 averages, and fat suppression.

DW-MRI was conducted by using a diffusion-weighted single-shot fast spin echo pulse sequence (RARE) with a TR of 1300 milliseconds, a TE of 26 milliseconds, an image matrix of 64 × 64, a FOV of 3 × 3 cm^2^, a slice thickness of 0.7 mm, and a slice gap of 0.3 mm [@bb0085]. Four diffusion weightings with diffusion encoding constants (*b*) of 200, 400, 700, and 1000 s/mm^2^, a diffusion gradient duration of 7 milliseconds, and a diffusion gradient separation time of 14 milliseconds were used. Diffusion sensitization gradients were applied in three orthogonal directions, and ADC values were calculated for each direction by using a monoexponential diffusion model and in-house-made software developed in Matlab (MathWorks, Natick, MA, USA). Finally, the directional diffusion images were averaged on a voxel-by-voxel basis to nondirectional diffusion images, and these nondirectional images were used to calculate ADC maps.

The analysis of the DW-MRI data was based on the entire volume of the tumors without including peritumoral muscle tissue. Regions of interest (ROIs) encompassing the tumor tissue were depicted in the *T*~2~-weighted anatomical images acquired prior to the DW-MRI, and these ROIs were transferred to the DW images, as illustrated and described in detail elsewhere [@bb0080]. Moreover, it was verified that the tumors did not move during imaging [@bb0080], and consequently, motion correction algorithms were not used.

Immunohistochemistry {#s0030}
--------------------

Histological sections were stained with hematoxylin and eosin or immunostained for blood vessels or hypoxia. Pimonidazole \[1-\[(2-hydroxy-3-piperidinyl)-propyl\]-2-nitroimidazole\] was administered as described elsewhere and used as a marker of tumor hypoxia [@bb0090]. An anti-pimonidazole rabbit polyclonal antibody (Professor James A. Raleigh, University of North Carolina, Chapel Hill, NC, USA) or an anti-mouse CD31 rabbit polyclonal antibody (Abcam, Cambridge, UK) was used as primary antibody. Diaminobenzidine was used as chromogen, and hematoxylin was used for counterstaining. Quantitative studies were carried out on preparations cut through the central regions of tumors, and three randomly selected sections of each staining were analyzed for each tumor. Blood vessel density was scored by counting CD31-positive vessels in whole tumor cross-sections as described elsewhere [@bb0095]. Fraction of pimonidazole-positive tissue (i.e., hypoxic fraction) was defined as the area fraction of non-necrotic tissue showing positive staining and assessed by image analysis [@bb0100].

Statistical Analysis {#s0035}
--------------------

The Spearman rank order correlation test was used to search for correlations between parameters. Comparisons of data were conducted by using the Student *t* test (single comparisons) or by one-way ANOVA followed by the Bonferroni test (multiple comparisons) when the data complied with the conditions of normality and equal variance. Under other conditions, comparisons were carried out by nonparametric analysis using the Mann-Whitney rank-sum test (single comparisons). The Kolmogorov-Smirnov method and the Levene's method were used to verify normality and equal variance, respectively. Probability values of *P* \< .05, determined from two-sided tests, were considered significant. The statistical analysis was carried out with SigmaStat statistical software.

Results {#s0040}
=======

The tumors of the four models differed substantially in histological appearance ([Figure 1](#f0005){ref-type="fig"}). BK-12 tumors were moderately differentiated, whereas HL-16 tumors were poorly differentiated, consistent with the donor patients' tumors. BxPC-3 tumors showed distinct ductal structures and were moderately differentiated, whereas Panc-1 tumors were nondifferentiated and showed an apparently random distribution of the tumor cells. Staining for CD31 revealed that blood vessels were located primarily in connective tissue in all tumor models, but HL-16 and Panc-1 tumors also showed some blood vessels in the tumor parenchyma. Staining for pimonidazole showed that the extent of hypoxia and the staining pattern differed among the tumor models. Hypoxia was seen primarily in central regions in BK-12 and BxPC-3 tumors, whereas HL-16 and Panc-1 tumors showed foci of hypoxic tissue scattered throughout the sections.Figure 1Tumor histology. Representative histological preparations of BK-12, HL-16, BxPC-3, and Panc-1 tumors stained with hematoxylin and eosin (A), immunostained for CD31 to visualize blood vessels (B), or immunostained for pimonidazole to visualize hypoxic tissue (C). Scale bars, 200 μm in A and B and 500 μm in C.Figure 1

BK-12 and HL-16 tumors were treated with bevacizumab, and BxPC-3 and Panc-1 tumors were treated with sunitinib, and there were significant differences in microvascular density (MVD) and hypoxic fraction (HF~Pim~) between treated and untreated tumors. By comparing treated and untreated tumors of approximately the same size ([Figure 2](#f0010){ref-type="fig"}*A*), it was revealed that AAT induced a decrease in MVD in BK-12 (*P* \< .001), HL-16 (*P* \< .001), and BxPC-3 (*P* \< .001) tumors ([Figure 2](#f0010){ref-type="fig"}*B*) and an increase in HF~Pim~ in BK-12 (*P* = .045) and BxPC-3 (*P* \< .001) tumors ([Figure 2](#f0010){ref-type="fig"}*C*). On the other hand, treated and untreated Panc-1 tumors did not differ significantly in MVD or HF~Pim~.Figure 2MVD and HF~Pim~ in untreated and treated tumors. Untreated control tumors and treated tumors of the same size (A) are compared with respect to MVD (B) and HF~Pim~ (C). BK-12 and HL-16 tumors were treated with bevacizumab, and BxPC-3 and Panc-1 tumors were treated with sunitinib. Columns and bars, mean ± standard error (*n* = 7-19).Figure 2

DW-MRI was carried out with four diffusion encoding constants and diffusion gradient sensitization in three orthogonal directions. ADC was calculated by using a monoexponential diffusion model, and good fits to the acquired data were obtained for all three gradient directions, with correlation coefficients of *R*^2^ \> 0.85 ([Figure 3](#f0015){ref-type="fig"}). As expected for isotropic tumors, ADC was independent of the direction of the diffusion sensitization gradients ([Figure 4](#f0020){ref-type="fig"}).Figure 3Monoexponential diffusion model. Representative plots of −ln\[*S*(*b*)/*S*(0)\] versus *b* (*S*, signal intensity; *b*, diffusion encoding constant) and the corresponding curve fits for single voxels of BK-12, HL-16, BxPC-3, and Panc-1 tumors. ADC was calculated from the slopes of the curves, and the data in each panel refer to two voxels, one with a low and the other with a high ADC value.Figure 3Figure 4Directional ADC data. ADC maps and frequency distributions of a representative BK-12 (A), HL-16 (B), BxPC-3 (C), and Panc-1 (D) tumor recorded in the *X*, *Y*, and *Z* directions. The maps refer to a scan through the tumor center, whereas the frequency distributions refer to the entire tumor volume. Vertical line in the ADC frequency distributions, median value. Scale bars, 2.0 mm.Figure 4

[Figure 5](#f0025){ref-type="fig"} depicts representative examples of nondirectional ADC maps and frequency distributions of untreated and treated tumors. In general, the ADC maps differed among the models, with the highest ADC values in BxPC-3 tumors and the lowest ADC values in Panc-1 tumors. The heterogeneity in ADC was substantial, both among tumors of the same model and within individual tumors, with high ADC values in peripheral as well as central tumor regions.Figure 5ADC data of untreated and treated tumors. Nondirectional ADC maps and frequency distributions of representative untreated and treated BK-12 (A), HL-16 (B), BxPC-3 (C), and Panc-1 (D) tumors. BK-12 and HL-16 tumors were treated with bevacizumab, and BxPC-3 and Panc-1 tumors were treated with sunitinib. The maps refer to a scan through the tumor center, whereas the frequency distributions refer to the entire tumor volume. Vertical line in the ADC frequency distributions, median value. Scale bars, 2.0 mm.Figure 5

To investigate whether AAT-induced changes in MVD or HF~Pim~ can be detected by DW-MRI, tumors were given AAT or vehicle treatment before being subjected to DW-MRI and histological examinations. Tumors differing considerably in volume were included in the study to ensure a wide range of MVD and HF~Pim~ values. Median ADC did not correlate with tumor volume ([Figure 6](#f0030){ref-type="fig"}*A*), MVD ([Figure 6](#f0030){ref-type="fig"}*B*), or HF~Pim~ ([Figure 6](#f0030){ref-type="fig"}*C*) in any of the tumor models, regardless of whether the tumors were treated or not (*P* \> .05). Furthermore, median ADC differed among the tumor models (*P* \< .05 for BxPC-3 versus BK-12, HL-16, and Panc-1; and Panc-1 versus BK-12 and HL-16) but not between treated and untreated tumors of the same model, with the only exception that median ADC was higher in treated than in untreated Panc-1 tumors ([Figure 7](#f0035){ref-type="fig"}). Because AAT had no effect on MVD or HF~Pim~ in Panc-1 tumors ([Figure 2](#f0010){ref-type="fig"}), the AAT-induced increase in median ADC was most likely due to microenvironmental changes other than changes in tumor vascularity and oxygenation. Taken together, the data presented in [Figure 2](#f0010){ref-type="fig"}, [Figure 6](#f0030){ref-type="fig"}, [Figure 7](#f0035){ref-type="fig"} demonstrate that DW-MRI is insensitive to intertumor heterogeneity in MVD and HF~Pim~ as well as AAT-induced changes in MVD and HF~Pim~.Figure 6ADC, tumor volume, MVD, and HF~Pim~. Median ADC versus tumor volume (A), MVD (B), and HF~Pim~ (C) for treated and untreated BK-12, HL-16, BxPC-3, and Panc-1 tumors. The BK-12 and HL-16 tumors were treated with bevacizumab, and the BxPC-3 and Panc-1 tumors were treated with sunitinib. Symbols, individual tumors.Figure 6Figure 7ADC data of untreated and treated tumors. The ADC of tumors treated with bevacizumab or sunitinib is compared with that of untreated control tumors. Columns and bars, mean of median ± standard error (*n* = 9-20).Figure 7

Discussion {#s0045}
==========

Most experimental tumors show decreasing vascular density and increasing hypoxic fraction during growth [@bb0105]. In preclinical studies of antiangiogenic agents, it is of utmost importance to discriminate between treatment-induced and growth-induced changes in the tumor microenvironment. The study reported here was designed to facilitate this discrimination. It showed that ADC does not vary with tumor volume, MVD, or HF~Pim~ while confirming that ADC can differ significantly among tumor models. Moreover, our study revealed that untreated tumors and tumors given AAT can differ significantly in MVD and HF~Pim~ and that ADC maps are insensitive to these differences. Consequently, it is unlikely that DW-MRI can be used to monitor AAT-induced changes in the microenvironment of tumors.

Preclinical DW-MRI studies have significant advantages to clinical studies since the imaging conditions can be controlled more easily. In this study, the physiology of the imaged mice was monitored carefully, ensuring that the microenvironment of the tumor tissue was not perturbed during image acquisition. After imaging, it was verified that the tumors had not moved during the MRI, securing that reliable voxelwise ADC values could be calculated. Four diffusion encoding constants were used, and it was seen that a monoexponential diffusion model provided good fits to the data with high correlation coefficients and that the calculated ADC values were independent of the direction of the diffusion sensitization gradients.

The ADC of tumors depends on several properties of the imaged tissue [@bb0060], [@bb0110], and it has been revealed that low ADC values can be a consequence of high cell density [@bb0115] or a collagen-rich extracellular matrix with a high density of protein fibers [@bb0080], [@bb0120]. Tumors showing ductal structures may have high ADC values owing to little restriction to water diffusion within the ducts [@bb0080], and the ADC values of tumors with extensive necrotic regions are usually high because the membrane structures limiting the diffusion of water in viable tissue are broken down in tumor necroses [@bb0060], [@bb0110], [@bb0115]. In our study, AAT did not induce significant changes in the histological appearance of the tumor tissue, as revealed by comprehensive qualitative examinations of tumor cellularity, extracellular matrix, and ductal structures. Moreover, with the exception that a few minor necrotic foci could be detected in some BK-12 tumors, the tumors in this study did not show necrotic regions, and necroses were not induced by AAT, similar to what is seen in most human tumors treated with acceptable doses of antiangiogenic agents.

Some clinical investigations have suggested that tumors may show increased ADC after AAT [@bb0045], [@bb0055], [@bb0060], [@bb0110]. Unfortunately, most of these investigations were not supported by histological examinations of the imaged tissue. However, when the histology was examined, the examination provided significant evidence that the increased ADC was caused by an AAT-induced increase in tumor necrosis. Studies of recurrent glioblastomas with severe necrotic regions have shown decreased ADC after AAT, and the decrease in ADC was attributed to decreased necrosis caused by treatment-induced vessel normalization and increased blood perfusion [@bb0125], [@bb0130]. In a preclinical study of non-necrotic melanoma xenografts, it was shown that treatment with high doses of sunitinib induced necrotic regions and resulted in increased ADC [@bb0135], whereas treatment of the same melanoma model with moderate doses of bevacizumab did not induce necrosis and had no effect on ADC [@bb0085]. Thus, there is some evidence that the ADC of tumors may change after AAT, but the evidence is limited to treatments causing significant changes in tumor necrosis.

Our study suggests that adequate monitoring of AAT-induced changes in the microenvironment of tumors requires quantitative MRI strategies other than DW-MRI. There is some evidence that microvascular changes induced by AAT are detectable in parametric images provided by dynamic contrast-enhanced MRI, susceptibility contrast MRI, and intravoxel incoherent motion MRI [@bb0140], [@bb0145], [@bb0150], [@bb0155]. Moreover, it has been suggested that AAT-induced changes in tumor oxygenation may be monitored by MRI methods using ultrasmall superparamagnetic iron oxide particles as contrast agents [@bb0160], [@bb0165].

In summary, this study revealed that AAT with bevacizumab or sunitinib as antiangiogenic agent can induce significant changes in the MVD and HF~Pim~ of cervical and pancreatic carcinoma xenografts. The ADC maps of treated tumors did not differ from those of untreated tumors, and ADC was shown to be insensitive to intertumor heterogeneity in MVD and HF~Pim~. Consequently, DW-MRI may not be a useful imaging modality for detecting changes in the microenvironment of tumors induced by AAT.
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